Chemical looping combustion (CLC) is a next generation combustion technology that shows great promise as a solution for the need of high-effi ciency low-cost carbon capture from fossil fueled power plants. In this paper, numerical simulations are made of the multiphase solid-gas fl ow in a spouted fl uidized bed fuel reactor for coal direct CLC (CD-CLC) using the Lagrangian particle-tracking approach known as the Discrete Element Method (DEM) coupled with computational
INTRODUCTION
The relationship between the global surface temperature of the Earth and the concentration of CO 2 was discovered by Arrhenius as early as 1896 (Arrhenius, 1896) . The concentration of CO 2 in the atmosphere has risen from a value of 280 ppm in preindustrial times to around 370 ppm today; a report by the Intergovernmental Panel on Climate Change concluded that the "warming of the climate system is unequivocal" and "most of the observed increase in global average temperatures since the mid-20th century is very likely due to the observed increase in anthropogenic greenhouse gas concentrations" (Pachauri and Reisinger, 2007) . Given that fossil fuels are projected to remain the dominant energy source for at least the next 25 years (International Energy…, 2010) , reducing carbon emissions from power plants has become an active area of research.
Chemical looping combustion (CLC) holds great potential in addressing the need for high-effi ciency low-cost carbon capture from fossil fueled power plants. The CLC process typically utilizes dual fl uidized bed reactors termed the air reactor and the fuel reactor and a metal oxide oxygen carrier that circulates between the two reactors, as illustrated in Fig. 1 . The primary advantage of CLC is that fuel combustion in a fuel reactor takes place in the absence of air using oxygen provided by the oxygen carrier; the fl ue stream from the fuel reactor is not contaminated or diluted by other gases such as nitrogen. This provides a high-purity carbon dioxide stream available for capture at the fuel reactor outlet without the need for an energy-expensive gas separation process. The reduced oxygen carrier from the fuel reactor is pneumatically transported to the air reactor where it is reoxidized by oxygen from air and circulated back to the fuel reactor to complete the loop.
Since the combustion of fuel in the fuel reactor takes place in the absence of air using oxygen provided by the oxygen carrier, the fl ue stream from the fuel reactor is not contaminated or diluted by other gases such as nitrogen. This provides a high-purity carbon dioxide stream available for capture at the fuel reactor outlet without the need for an energy-expensive gas separation process. The only energy cost of separation associated with CLC is the cost of solid recirculation. Several studies on the energy and exergy of CLC systems in the literature suggest that power effi ciencies greater than 50% can be achieved along with nearly complete CO 2 capture (Ishida et al., 1987 (Ishida et al., , 1996 Wolf et al., 2001; Marion, 2006 , Hybrid Combustion…, 2008 . Recently, a techno-economic study to assess the benefi ts of CLC has reported that the cost of electricity for a CLC plant using Fe 2 O 3 oxygen carrier is $115.1 per MWh, which compares favorably against the cost of $137.3 per MWh for a conventional pulverized coal boiler when additional amine-based CO 2 absorption is considered (Guidance…, 2010) .
Computational fl uid dynamics (CFD) simulations of fl uidized beds for CLC in the literature using the Eulerian two-fl uid model have accurately captured the formation of gas bubbles and solids recirculation of cold fl ow systems (Shuai et al., 2011; Seo et al., 2011; Nguen et al., 2012) as well as the bulk chemical reaction behavior of experimental reactors using gaseous fuels (Ahmed and Lu, 2014; . However, the current focus in the area of CLC is to develop a CLC system that works well with solid coal fuel given its likelihood to remain the signifi cant source of energy source in the future. In the real world operation of coal-direct CLC (CD-CLC), the implementation of a spouted fl uidized bed fuel reactor offers several technical benefi ts. The spouted fl uidized bed was proposed by Mathur and Gishler (1955) to overcome the limitation of a typical bubbling or fast fl uidized bed to handle particles larger than a few hundred micrometers in diameter. Relatively larger particles of the oxygen carrier are benefi cial for CD-CLC operation for easier separation of the smaller coal and ash particles from the recirculating oxygen carrier; based on the diameter and density, these particles can be classifi ed as Group D particles according to Geldart's powder classifi cation (Geldart, 1973) . The spouted fl uidized bed utilizes a high velocity gas stream to create a local high-velocity region at the center of the bed (known as the spout) where the particles and voids (bubbles) move in a structured manner with little radial displacement .
The introduction of high velocity jet is likely to create strong mixing of solids and gas avoiding loss of reactivity due to the ash agglomeration with the oxygen carrier (Rubel et al., 2011) . A signifi cant difference between spouted fl uidized beds and bubbling or fast fl uidized beds is the intense particle-particle and particle-wall collisions. The work of Gryczka et al. (2009) with 2-mm diameter particles suggested that an accurate numerical representation of particle dynamics is not likely to be achieved for spouted beds using the granular solid phase approximation of the Eulerian approach due to "the inadequacies of the continuum model." The inaccuracy arises from the nonphysical closure terms used in the Eulerian model such as the frictional solids viscosity or the solids pressure based on the kinetic theory of granular fl ow. To address these shortcomings, the Lagrangian particle-tracking model known as discrete element method (DEM) combined with CFD simulation of the fl uid phase has been introduced in recent literature.
In DEM, the trajectory of each individual particle is calculated by resolving the force balance for each particle. The particle tracking is coupled with the CFD solution for the fl uid phase by considering the interaction between the particles and the fl uid separately for each particle. The coupled CFD-DEM approach can model the properties such as temperature, composition, position, and velocity with high accuracy, limited only by the specifi cs of the particle collision parameters employed in the model.
The high computational cost of DEM for systems with large numbers of particles is the reason behind the scarcity of particle-based models for CLC simulation in the literature to date. Cold-fl ow simulations using DEM have proven capable in accurately matching the particle dynamics of various laboratory scale fl uidized bed experiments using relatively large particles Alobaid et al., 2013; Zhang et al., 2014) .
In this paper, the transient cold-fl ow simulations of Zhang et al. (2014) of a CD-CLC fuel reactor are extended to investigate the chemical reaction mechanisms between the metal oxide particles and coal. The addition of coal particles into the fl uidized bed system investigated would convert the system into a binary particle bed, and the collisions between the oxygen carrier and coal would require special attention. However, only the reaction mechanisms with the coal are investigated by considering a fl uid-phase pseudo-coal injection that represents the gaseous products of coal after the devolatilization and gasifi cation steps occur. Thus, the system modeled in this paper is a CLC process with a standalone gasifi er.
NUMERICAL SOLUTION APPROACH
The simulations are performed using the commercial CFD solver ANSYS Fluent, release version 14.5 (ANSYS, 2012a,b) . The fl ow fi eld is computed using the Navier-Stokes equations of fl uid motion; the motion of the particles is obtained using Newton's second law. In order to achieve a coupled CFD-DEM simulation for the multiphase fl ow, source terms are introduced on the right-hand side of the conservation equations to capture the interphase transfer of mass, momentum, and energy and in the Newtonian equation of motion to account for forces on the solid particles due to the fl uid.
The Navier-Stokes equations of fl uid motion are slightly modifi ed to account for the presence of the solid particles by including the porosity or fl uid volume fraction α f in the computational cell where the equations are applied. The continuity equation is given by
where pq m is the mass transfer rate from the pth phase to the qth phase. Each phase (gas or solid) consists of a number of species. A transport equation solved for each species is given as
where Y iq is the mass fraction of the species i in the qth phase and pq ij m is the mass transfer rate from the jth species of the pth phase to the ith species in the qth phase.
In this paper, one gas phase and one discrete phase are considered, each consisting of a number of species. The fl uid phase momentum equation is given by
The source terms inside the summation on the right-hand side account for the momentum transfer from the gas phase to the solid phase. Specifi cally, K sg is the momentum transfer due to the interphase drag obtained from the average of the drag forces acting on all the discrete particles in the given computational cell and the other terms are due to the mass transfer and the local relative velocity between the phases. For an incompressible Newtonian fl uid, the shear stress tensor f τ is simply the Cauchy stress tensor with zero bulk viscosity:
The energy equation for the gas phase is given as
where h q andare the specifi c enthalpy and heat fl ux of phase q, respectively. As with the continuity and momentum equations, source terms are implemented to account for the transfer of enthalpy between the phases. In particular, S q is the enthalpy source due to chemical reaction and Q pq is the heat transfer from the pth phase to the qth phase.
The trajectory of each particle is computed by integrating the force balance on the particle, which can be written in the Lagrangian frame per unit particle mass as
where the subscript p denotes an individual particle. The terms on the right-hand side of Eq. (6) account for the gravitational and buoyant forces, the drag force, and an additional force due to particle-particle or particle-wall collisions. The forces such as the virtual mass force and pressure gradient force can be neglected for gas-solid fl ows, given ρ p far exceeding ρ f . The net drag coeffi cient F D is given by
where d p is the particle diameter, C D is the particle drag coeffi cient, and Re p is the Reynolds number based on the particle diameter defi ned as
The drag coeffi cient can be modeled using various empirical relations. The drag law proposed by Syamlal and O'Brien (1989) is selected for the spouted fl uidized beds simulations in this paper. The Syamlal-O'Brien drag law is a good choice because it uses a correction based on the terminal velocity of the particle, which is the minimum velocity that is large enough to lift the particle out of the bed and is an important parameter for characterizing a spouted bed. The Syamlal-O' Brien drag law defi nes
In Eq. (9) 
The collision force in Eq. (6) is computed using the soft-sphere model, which decouples its normal and tangential components. The normal force on a particle involved in a collision is given by ( ) ( )
In Eq. (11), δ is the overlap between the particles pair involved in the collision as shown in (ANSYS, 2012a) and γ is the damping coeffi cient, a function of the particle coeffi cient of restitution η; e is the unit vector in the direction of u 12 . Previous research by Link (1975) has demonstrated that for large values of K the results of the soft-sphere model are identical to those obtained using a hard-sphere model. The tangential collision force is a fraction μ of the normal force with μ as a function of the relative tangential velocity v r given as 
. (12) The chemical reactions in the fl ow require additional equations to compute the local mass fraction of each species Y j in the computational cell. The species conservation equation is given by
where J j is the diffusion fl ux of the species due to the concentration gradients in the fl ow fi eld, R j is the net rate of production of the species due to the chemical reactions, and S j is the rate of creation of the species from devolatilization. The oxygen carrier reduction is assumed to occur at the particle surface and is modeled using the multiple surface reactions model. For a fi rst-order reaction, the depletion rate of particle species j in kg/s is given by
where A p is the spherical surface area of the particle, η r is the effectiveness factor, Y j is the mass fraction of the species j, p n is the bulk partial pressure of the reacting fl uid species n, and D 0 is the diffusion rate coeffi cient for the reaction defi ned as ( )
where C 1 is the diffusion rate coeffi cient obtained empirically. The fi nal term in Eq. (15) for the depletion rate, R kin , is obtained from the Arrhenius rate equation for the reaction considered. The net depletion of particle mass dm p /dt due to the reduction of the metal oxide provides the source term sq m used in the continuity equation for the fl uid phase. Heat transfer to the particle is governed by the equation for particle heat balance, which can be written as
where c p is the particle heat capacity, h is the convective heat transfer coeffi cient, H reac is the heat released by the reaction, and f h is the fraction of the energy produced that is captured by the particle; the remaining portion (1 -f h ) is applied as the heat source in the energy equation. Values of f h can range from 1.0 for incomplete combustion, where all the heat is retained by the particle (e.g., char combustion to form CO), to zero implying all the heat is released to the continuous phase (ANSYS, 2012a) . Since the reduction of the metal oxide is considered to be a complete reaction, the default value of zero is used in the simulations in this paper.
COMPUTATIONAL SETUP
The geometry and computational model of the CD-CLC reactor are shown in Fig. 2 . The geometry is derived from the pseudo-2D Plexiglas test rig used in the TU-Darmstadt cold-fl ow experiment (Alobaid et al., 2013) with the chute structure added to improve particle circulation based on the work of Zhang et al. (2014) . The minimum cell volume is constrained by the particle volume in order to ensure the particles can be accurately tracked, a common constraint for the CFD-DEM approach. The experiment at TU-Darmstadt and the cold-fl ow simulations of Alobaid et al. (2013) and Zhang et al. (2014) used glass beads with a density of 2500 kg/m 3 . In the previous work incorporating chemical reactions into this system, it was found that hematite (Fe 2 O 3 ) particles with a density of 5240 kg/m 3 exhibited poor fl uidization performance; the fl uidization performance was signifi cantly improved by using an oxygen carrier consisting of 60% Fe 2 O 3 by mass on inert MgAl 2 O 4 support (Banerjee and Agarwal, 2015) . The support material is porous and serves to increase the reaction kinetics by providing a larger surface area for reaction as well as to reduce the overall density of the particle to 2225 kg/m 3 , closer to the density of the glass beads used in the cold-fl ow experiment. The same oxygen carrier designated F60AM1100 is used as the bed material in the current simulation with the pseudo-coal injection. The particle diameter used in the experiment and simulation is constant at 2.5 mm.
FIG. 2: Geometry outline wit h pressure taps, mesh, and wireframe of the CD-CLC reactor
The work of Merrick (1983) provides a methodology for predicting the compositions of char, tar, and the volatile species based on the physical and chemical properties of the coal. The proximate and ultimate analysis of the South African coal considered in the pseudo-coal simulation is given in Table 1 (Leion et al., 2008) .
The approach suggested by Merrick (1983) to predict the fi nal yields of the volatile matter species is to construct a set of simultaneous linear equations written as A ij m j = b i , where m j is the vector of unknowns representing the yields of char (coke), CH 4 , C 2 H 6 , CO, CO 2 , tar, H 2 , H 2 O, NH 3 , and H 2 S as mass fractions of the dry ash-free (DAF) coal, and A ij and b j are matrix and vector of constants, respectively. The list of species considered by Merrick (1983) is not exhaustive; additional volatile matter species could be modeled if suitable data were available. The fi rst fi ve equations represent element balances on carbon, hydrogen, oxygen, nitrogen, and sulfur, respectively. The corresponding values in A ij (for i = 1, …, 5 and j = 1, …, 10) represent the analyses of the volatile matter species expressed as the mass fractions of the respective species in b j obtained from the ultimate analysis of the DAF coal. The specifi c compositions in terms of the constituent elements for the char and tar species obtained from this coal were determined by Merrick (1983) and are given in Table 2 .
The sixth equation describes the yield of char as a function of the total volatile matter release obtained from the proximate analysis. Merrick (1983) obtained a correlation for predicting the volatiles released by coal as
where p is the volatile matter from the proximate analysis in the DAF coal. For the South African coal considered in the current study with p = 0.285, the total volatiles released is V = 0.256. The remaining four equations provide the yields of the remaining volatile species in terms of the ultimate analysis based on approximate evolutions of the hydrogen and oxygen species in the coal in the fi nal volatile matter yield. Merrick (1983) found that the yield of CH 4 and C 2 H 6 accounted for 32.7% and 4.4% of the hydrogen in the coal, respectively, and that 18.5% and 11.0% of the oxygen in the coal evolved in the CO and CO 2 species. Based on these assumptions, the fi nal set of simultaneous equations to obtain the total volatile matter yields can be written as 
The fi nal yields of the volatile matter and char can be determined by calculating 
Considering the base South African coal with ash and moisture, 
Before the gaseous injection prescribing the devolatilization products can be implemented into the reacting fl ow simulation, the fate of the solid char and tar species in Eq. (21) must be resolved. This is done by considering the gasifi cation of char by steam given by the stoichiometric relation 
The product species in Eq. (24) are used to specify the pseudo-coal injection for the reacting fl ow simulation of coal with the Fe-based oxygen carrier F60AM1100 consisting of 60% Fe 2 O 3 by mass on inert MgAl 2 O 4 support. The injection mole fl ow rate is set at 0.119 kmol/s of coal to represent a mass injection rate of 1.2 kg/s with a central jet velocity of 30 m/s. The mole fractions of the reacting species, namely CH 4 , C 2 H 6 , CO, and H 2 , are kept intact. The remaining species in Eq. (24) are collected into a single inert injection of N 2 for simplicity.
Since the devolatilization and gasifi cation of the coal are already accounted for by the pseudo-coal injection, the only reaction mechanisms implemented in the simulation are for the reduction of Fe 2 O 3 by CH 4 , C 2 H 6 , CO, and H 2 to form Fe 3 O 4 , given as 
The reactions are incorporated into the CFD-DEM simulation using the particle surface reactions model outlined in Section 2. The reaction rates for the metal oxide reduction reactions follow the Arrhenius rate equation k = k 0 exp (-E a /RT), where k is the reaction rate, k 0 is the pre-exponent factor, E a is the activation energy, R is the universal gas constant (= 8.314 J/K/mol), and T is the temperature of the fl uid phase. The values of k 0 and E a are obtained from Mahalatkar et al. (2011) and are summarized in Table 3 . It should be noted that the reaction rate for the reduction with C 2 H 6 is assumed to be the same as that with CH 4 because of the lack of experimental data.
RESULTS AND DISCUSSION
The particle tracks colored by velocity magnitude are shown in Fig. 3 . A prominent gas bubble or spout forms in the reactor in the fi rst 400 ms of the simulation that carries the bulk of the particles to the top of the fuel reactor and into the cyclone. Between approximately 400 and 800 ms, the pressure build-up in the bed dissipates due to the large void and the remaining particles fall back into the bed. Once the particles settle back down in the bed, a second bubble starts to develop around 900 ms. However, the formation of a bypass pathway through the densely packed bed is evident from around 800 ms onwards and gauging by the particle velocities, it is expected that the second bubble will not reach the top of the reactor.
Since the fl ow conditions and physical properties of the solid and gas phases are unchanged from the previous work with F60AM1100 particles (Banerjee and Agarwal, 2015), the fl uidization behavior is similar as expected, including the formation of the bypass pathway. The results of the reaction mechanisms with coal are more interesting. Although experimental data for the reduction of Geldart Group D particles in a spouted fl uidized bed fuel reactor for CLC is not available in the literature, the successful incorporation of chemical reactions with the pseudo-coal injection using the particle surface reactions model into the coupled CFD-DEM approach is verifi ed by examining the progress of the reaction and the conversion fractions of the reactants. One measure of the progress of the reaction is the change in the solids mass load in the fuel reactor as shown in Fig. 4 . As the active part of the oxygen carrier, Fe 2 O 3 is reduced to Fe 3 O 4 , the total solid mass reduces. The rate of change suggests that the reaction starts out fast and starts to decrease as time advances as the surface area of Fe 2 O 3 available for reaction reduces due to the formation of Fe 3 O 4 . A similar trend was observed in the work of Mahalatkar et al. (2011) using the Eulerian multifl uid approach to model the CLC reactor of Leion et al. (2008) using solid coal. The conversion fraction of the reacting species, namely CH 4 , C 2 H 6 , H 2 , and CO, is calculated as a ratio of the outlet molar fl ow rate from the injection fl ow rate subtracted from unity and is shown in Fig. 5 . It should be noted that the initial conversion fraction of 1 for each species is a result of the gases not yet reaching the outlet at the start of the simulation as it takes time to travel through the fuel reactor and does not represent a complete depletion of the species. From around 0.6 s onwards, the conver- Conversion fraction of the gasifying agents in the CD-CLC fuel reactor due to the reduction of F60AM1100 particles by the gaseous products of coal devolatilization and gasifi cation sion fraction represents actual values due to species depletion. Given that the reduction of H 2 as the highest value of the pre-exponent factor k 0 (see Table 3 ), it makes sense that H 2 has the highest conversion fraction approaching 0.4, followed by CO due to the lower activation energy compared to CH 4 . Experimental data of a spouted fl uidized bed system for CLC with reacting fl ow is not available in the literature. However, the conversion fractions obtained in this simulation are in line with CLC systems using a bubbling or fast fl uidized bed with smaller oxygen carrier particles and suggests that the spouted fl uidized bed is a viable confi guration for CLC once the formation of the bypass pathway can be addressed.
One shortcoming that was noted in the simulation of the spouted fl uidized bed in terms of the fl uidization performance of the system was that after the particles settle down in the bed after the fi rst bubble, subsequent bubbles formed in the fuel reactor lacked the energy required to reach the top of the reactor and into the cyclone. It was found that the high velocity inlet jet formed a bypass pathway once the initial pressure build-up dissipated that prevented the critical pressure build-up required for subsequent bubbles to develop. This problem can be mitigated by using a cyclic fl ow injection whereby the jet is turned off intermittently to allow the bed particles to resettle down into the original packed bed confi guration, which resets the fl uidization behavior to the initial bubble formation stage once the jet is turned back on. Cyclic injections have already been used in laboratory scale CLC experiments such as in the work of Son and Kim (2006) to switch between N 2 and CH 4 in lieu of separate fuel and air reactors and their operational feasibility in an industrial setting can be readily studied. The addition of draft plates can also address the issue of spout gas bypassing and spout instability observed by imposing a restriction on the lateral particle fl ow between the spout and the annulus. Furthermore, by preventing the particles traveling downwards in the annulus from entering the spout and colliding with the particles traveling upwards, the random fl uctuations in the spout are eliminated (Clafl in and Fane, 1983) .
CONCLUSIONS AND FUTURE WORK
In this paper, coupled CFD-DEM multiphase fl ow simulations of a chemically reacting fl ow in a spouted fl uidized bed reactor have been conducted as a follow up to a cold-fl ow experiment at TU-Darmstadt and simulations based on it performed by Alobaid et al. (2013) and Zhang et al. (2014) . Since the spouted bed confi guration has been proposed for its advantages using solid coal fuel, the reaction mechanisms with coal were investigated by considering a pseudo-coal injection representing the gaseous products after the devolatilization and gasifi cation of the solid coal and the results show great promise. The successful incorporation of the chemical reactions into the coupled CFD-DEM framework marks an important step towards developing a comprehensive functional model for a complete CD-CLC system with solid coal instead of a gaseous fuel, which is essential for the design and future optimization of industrial-scale CD-CLC systems.
CFD-DEM simulations reported in this paper and in the current literature using the spouted fl uidized bed confi guration focus on its advantages with the relatively larger oxygen carrier particles that are used when considering coal-direct CLC. Although the reaction mechanisms for the reduction of the metal oxide with coal in CD-CLC are investigated with a pseudo-coal fuel injection but a complete CFD-DEM model of a CLC system using solid fuels has not been simulated in the present work. The binary particle bed aspect of a coal-oxygen carrier system was considered in the authors' other work but in a cold-fl ow framework by substituting plastic beads for the coal. The inclusion of coal particles in DEM introduces additional complexities such as the changes in diameter and density as the devolatilization and gasifi cation reactions take place; this work should be attempted in the future. The chemical reaction kinetics used in this paper highlight the scarcity of reaction rate data for metal oxides other than Fe 2 O 3 . There is signifi cant scope for experimental studies to identify accurate reaction kinetics for these reactions to enhance the accuracy of CFD simulations in the future. Reacting fl ow experiments must also be conducted using the spouted fl uidized bed confi guration to generate data for validating the simulation results in this paper.
